recombinant enzyme shows a dual positional specificity, as it forms both 9-and 13-hydroperoxide of linoleic acid in a 2:1 ratio, and would be defined as 9/13-LOX. Although a LOX activity was detected throughout the olive development, the 9/13-LOX is mainly expressed at late developmental stages. Our data suggest that there are at least two Lox genes expressed in black olives, and that the 9/13-LOX is associated with the ripening and senescence processes. However, due to its dual positional specificity and its expression pattern, its contribution to the elaboration of the olive oil aroma might be considered.
Introduction
Lipoxygenases (LOX, EC 1.13.11.12) are non-heme iron-containing fatty acid dioxygenases found in eukaryotes and in a few prokaryotes [1] [2] [3] . LOXs catalyse the regioand stereo-specific dioxygenation of polyunsatured fatty acids (PUFAs) with a cis,cis-1,4-pentadiene structure [1] [2] [3] [4] . Based on the positional specificity of the dioxygen insertion using linoleic acid as a substrate, plant LOX isoenzymes are grouped into 9-LOX and 13-LOX types [5] . However, a few non-traditional plant LOXs can oxygenate at C-9 and C-13 positions and produce both 9-hydroperoxy and 13-hydroperoxy positional isomers.
Hydroperoxidation products derived from LOX activity are subsequently metabolized into compounds such as jasmonic acid, methyl jasmonate, volatile aldehydes, and conjugated dienoic acids. These compounds are involved in seed germination, plant growth and development, senescence, and in the plant defence response to wounding and both insect and pathogen attack [6, 7] . Plants express numerous LOX isoforms that can be distinguished by their expression pattern, subcellular location and substrate specificity [5, 6] . However, physiological functions of specific LOX isozymes are not all elucidated.
LOXs are also a great interest in food science because hydroperoxides and free radicals resulting from LOX activity can exert deleterious effects on nutritionally important compounds such as essential PUFAs. LOXs also have a role in the production of volatiles molecules that can positively or negatively influence the flavour and aroma in many plant products [8] .
In olive fruit, the LOX pathway is responsible for the production of desirable organoleptic properties that differentiate virgin olive oil from other vegetable oils. Angerosa et al. [9] and more recently Dhifi et al. [10] have reported that the qualitative and quantitative composition of the olive oil aroma is tightly dependent on the enzymatic store involved in the LOX pathway which is linked to fruit ripening. Thus, Donaire et al. [11] and Salas et al. [12] have reported a low LOX activity in green olives harvested at the initial developmental stages which decreased thereafter. Recently, the existence of several olive LOX isoforms was reported: a LOX isoform was purified from mature olives (black) harvested at the late developmental stage, which produced exclusively 13-hydroperoxides of linoleic and linolenic acids [13] ; two LOX isoforms, with different thermal stabilities, were detected in immature olives (green) of the early developmental stage, which might be involved in the formation of the volatile compounds of the olive oil aroma [14] . Besides these isoforms, there is likely an uncharacterized isoform responsible for 9-hydroperoxides produced by olive LOX crude extract [15] .
As LOX enzymes likely influence the organoleptic features of olive oil and in order to better understand the implication of individual LOX isoforms, we looked for new LOX enzymes. Here we report for the first time the cloning and the biochemical characterization of an olive fruit LOX isoform that is expressed at the late developmental stage and that oxygenates linoleic acid at C-9 and C-13 positions in a 2:1 ratio.
Materials and methods

Plant material
Olives (Olea europaea L., Leccino variety) were randomly picked up every two weeks from 8 to 32 weeks after flowering (WAF) from the experimental field of the INRA-CIRAD (Corsica, France). The olives were stoned, the pulp was immediately frozen in liquid nitrogen and stored at -80°C until used.
RNA extraction and Northern blot analysis
Total RNA was extracted from olive pulp as described by Hernández et al. [16] . Ten micrograms of total RNA were fractionated on a 1% formaldehyde gel according to Sambrook et al. [17] and transferred to Hybond N membrane (Amersham). Two O. europaea LOX probes, the LOX probe1 (775 bp long, Fig. 1 ) and the LOX probe2 (RT-PCR product 4, wich is 663 bp long, containing the 3' -UTR of the cDNA clone, Fig. 1 ) were radiolabeled with [α-32 P]dCTP (Perking Elmer) using the random primed DNA labelling kit (Roche) and subsequently used for Northern blot analysis.
DNA extraction and Southern blot analysis
Genomic DNA was extracted from fresh young leaves of the Leccino variety using the method described by Saghai-Maroof et al. [18] with some modifications [19] .
Genomic DNA (about 10 µg) was cleaved with BamHI, EcoRI or XhoI restriction enzymes, fractionated on 1% agarose gel and transferred to Hybond N membrane (Amersham).
Hybridizations were carried out using radiolabeled O. europaea LOX probes (the LOX probe1 and LOX probe2) according to Sambrook et al. [17] .
Reverse transcription (RT) PCR analysis
Reverse transcription was performed using up to 5 µg of total RNA extracted from mature olives (30 WAF, black stage), oligo(dT) 18 
5' Rapid amplification of cDNA ends (RACE) procedures
The 3' /5' RACE 2 nd Generation kit (Roche) was used to synthesize first-strand cDNA from 30s, 72°C 30s (10 cycles); 94°C 30s, 60°C 30s, 72°C 30s (30 cycles); 72°C 7 min (1 cycle).
Cloning of amplification products
Reverse transcription PCR (RT-PCR) and RACE-PCR products were separated by electrophoresis, stained with ethidium bromide, excised and purified with the GFX Gel Band purification kit (Amersham) and cloned into the pGEM-T (Promega) or the pCR4-TOPO (Invitrogen) vector.
DNA sequencing
Sequencing was performed by MWG Biotech (Germany) and Genome express (France). were used to introduce a SphI site upstream the ATG start codon and a KpnI site at the 3' end.
Cloning of olive LOX cDNA for expression in E. coli
The PCR product was cloned in the SphI-KpnI oriented direction into pQE-30 vector. The recombinant construct (pQE30-LOX) was used to transform M15 E. coli cells. Part of the plasmid was sequenced to confirm the correct frame.
Expression and purification of the recombinant olive LOX
Five liters of culture medium (Luria broth medium supplemented with 100 µg.mL containing pure protein on SDS-PAGE were pooled and concentrated by using an Amicon Ultra-15 membrane with a molecular weight cutoff of 30,000 (Millipore). The concentrated protein sample (11.7 mL at 0.358 mg.mL -1 ) was stored at -80°C until used.
Determination of protein concentration
Protein concentration was determined spectroscopically for the pure recombinant olive LOX using an A 280 extinction coefficient ( ) of 144,090 M -1 .cm -1 that was calculated from the tyrosine and tryptophan content [20, 21] of the deduced amino acid sequence. Protein concentration in other samples was determined by the Bradford method using bovine serum albumine as standard [22] .
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting
SDS-PAGE was performed using 12% polyacrylamide gels. The proteins were stained with
Coomassie brilliant blue R-250 or transferred onto nitrocellulose (Bio-rad). Blots were blocked overnight using 3% BSA and were probed with the monoclonal peroxidaseconjugated anti-His antibody (Sigma) at 1:4,000. The peroxidase was revealed using 1. 
Preparation of LOX crude extracts
The frozen pulp of the olives was blended into a fine powder. One gram of frozen pulp powder was resuspended in 10 times their mass of 50 mM phosphate buffer at pH 6 containing 1 mM phenylmethylsulfonyl fluoride (PMSF) by homogenization during 2 minutes at 8,000 rpm with an Ultra-Turrax T25 (IKA. Labortechnik). The resulting homogenate was then filtered onto 4 layers of cheeseclothes and centrifuged for 10 min at 200 x g. The resulting supernatant was subsequently assayed for lipoxygenase activity.
LOX activity and substrate specificity
LOX activity was determined by continuously monitoring the formation of conjugated dienes at 235 nm [23] . The linoleic acid substrate was prepared as described by Anthon and Barret [24] . Enzymatic assays were performed at saturating oxygen concentration. The standard assay mixture consisted in 1 mL of 50 mM phosphate buffer (pH 6.0) and the appropriate Propyl gallate (0-6.6 µM) and nordihydroguaiaretic acid (NDGA) (0-33 µM) were used for the inhibition experiments.
Synthesis and analysis of LOX products
Hydroperoxide of linoleic acid was synthesized according to Vick isopropanol/water, 3/2 at 0.1 mL.min -1 and the products were detected by MS/MS analysis of carboxylate anions. The capillary temperature was 315ºC, the spray voltage was 4.5 kV, and prostaglandin F 1 was utilized for tuning. Mass spectrometry experiments were performed on a linear ion-trap (LIT) mass spectrometer using Xcalibur as operating system (LTQ, ThermoFisher). Electrospray ionization was conducted and negative ions were detected.
Results
LOX cDNA isolation and characterization
We isolated a full length cDNA by a combined strategy using RT-PCR and RACE-PCR on total RNA extracted from black olives harvested at 30 weeks after flowering (WAF) and oligonucleotides designed on the basis of the sequence of known plant LOXs and during this study (Fig. 1) . (Fig. 1) .
The alignment of the deduced amino acid sequence with other LOX sequences using
ClustalW program shows that the olive LOX contained the two functional domains typical of LOXs: the smaller N-terminal region (position 1-164) forming a β-barrel structure, known to mediate binding of lipid body LOX to liposomes and lipid bodies [27] , and the larger Cterminal region (position 165-864) including the catalytic site [28] .
the highest degree of identity towards hazelnut LOX (77.3% identity, [29] ) tobacco LOX1
(76.3% identity, [30] ) and almond LOX (75.5% identity, [31] ).
Several highly conserved regions were identified: the domains likely to be important for the substrate binding (position 364-378) and the oxygen binding (position 710-723), the C-terminal GIPNSVSI domain, as well as the residues (H525, H530, H716, N720 and I864) involved in the iron binding (Fig. 1) .
The regio-specificity in plant LOXs are usually determined by the motif R/TF, R/TH, R/CF or R/SF for 13-LOX and R/TV for 9-LOX [5] . Olive LOX contained a threonine-valine motif (R/TV at positions 733/582-583; Fig. 1 ) suggesting that this enzyme is a 9-LOX.
Genomic polymorphism of the Lox gene
To determine the number of the olive Lox genes, we carried out Southern blot analysis using the two LOX cDNA probes. We perform an alignment of olive LOX cDNA nucleic sequence using the ClustalW program with the genomic Lox sequence of Solanum tuberosum (accession number U24232). We predicted that the LOX probe1 spans the exon 2 to exon 4 and contains one EcoRI site in the exon 2 and 4, and one BamHI site in the exon 3 ( Fig. 2A) .
The LOX probe2 which could be included in the exon 9 contains one EcoRI site ( Fig. 2A) .
The LOX probe1 and LOX probe2 contain no XhoI site, and a unique XhoI site present in the olive LOX cDNA is located just in 5' of the LOX probe2.
The resulting pattern of hybridization with the LOX probe2 (Fig. 2B) in good agreement with the predicted molecular mass (Fig. 3) .
The enzymatic activity was analyzed at different pH values (pH 4-9) and we found that recombinant olive LOX has an optimum pH of about 6. The kinetics parameters were investigated using linoleic and linolenic acids as substrates ( (Fig. 4) .
The stereo chemistry of 9-and 13-HPODE was analyzed by chiral-phase HPLC after reduction to the corresponding alcohols. 9-HPODE and 13-HPODE were formed in a 2:1 ratio (data not shown) and were predominantly in the 9S and 13R configuration (Fig. 5 ), indicating that they derived from the activity of a specific enzyme.
LOX expression and enzymatic activity during olive fruit development
We identified the developmental stages on the basis of the olive colour: green stage (harvested from 8 to 16 WAF), turning stage (harvested at 18 WAF) and black stage (harvested from 20 to 32 WAF). The enzymatic activity was preliminarily analyzed at different pH values (pH 4-9) on the olives harvested every two weeks and we found that the olive LOX activity has an optimum pH of about 6 whatever the stage of development. LOX activity was detected in all olive developmental and ripening stages from green small fruits (8 WAF) to black or senescent fruits (32 WAF, Fig. 6A ). An increase of the LOX activity was observed at the end of the green stage and the turning stage of the olives, and the maximum (783 nmol.min -1 .mg -1 of proteins) was reached at the black stage.
LOX expression was monitored by Northern analysis using the LOX probe1. An hybridization signal of the expected size for LOX RNA (2.9 kb) was observed in olives harvested from 22 WAF to 32 WAF, with a strong signal for the olives at 32 WAF (Fig. 6B) .
A faint signal was observed in olive at 24 WAF which can be explained by a smaller quantity of RNA loaded (Fig. 6B, 6C ). No hybridization was observed in olives of the green stage, of the turning stage or in the first sample of the black stage (20 WAF). A similar hybridization pattern was observed with the LOX probe2 (data not shown).
Discussion
Using a RT-PCR and RACE-PCR combined approach on total RNA isolated from black olives harvested at 30 WAF, we have isolated and characterized, for the first time, an olive cDNA encoding a LOX isoform. We have shown that this olive LOX is probably encoded by a unique copy of the gene. Amino acid sequence analysis of this olive LOX has shown that the polypeptide contains all of the domains and amino acid residues known to be important for LOX activity. A classification of plant LOXs based on the presence of the chloroplastic transit peptide was introduced by Shibata et al. [33] . The members of the socalled type-2 LOX exhibit this N-terminal extension in contrast to those reassembled in the type-1 LOX subfamily. Our olive LOX isoform, which is likely a cytoplasmic isoform, can be classified among the type-1 LOXs. Plant LOXs are also classified into 9-and 13-LOXs with respect to the position at which the oxygenation of linoleic acid occurs. The primary determinant for regio-specificity was defined by the R/TF, R/TH, R/SF or R/CF motif for 13-LOX and by the R/TV motif for the 9-LOX [5] . A special role of an Arg residue at the bottom of the substrate-binding pocket was suggested by its highly conserved occurrence in all plant
LOXs and by mutagenesis studies [34, 35] . In plant 13-LOXs, the His or Phe residue would mask the positive charge of the Arg and would hamper the interaction with the linoleate carboxylate. Thus, the linoleate would penetrate in the active site by its methyl end, and the C-13 oxidation would occur. In contrast, for the plant 9-LOXs, the replacement of the His or Phe residue by the less space-filling Val residue would allow an inverse orientation of the linoleate in the active site what would favour the C-9 oxidation [5] . However, some plant
LOXs produce both 9-and 13-hydroperoxide isomers, and thus do not follow the predictive model of regio-specificity [36, 37] . According to the R/TV motif found in the recombinant olive LOX, the 9-LOX activity would be predicted. Surprisingly, as shown by 13 C-NMR and HPLC-MS analysis, both 9-and 13-hydroperoxide of linoleic acid, predominantly in the 9S
and 13R configuration, were produced in a 2:1 ratio by the recombinant olive LOX. Thus, this enzyme displayed a dual positional specificity and would be defined as olive 9/13-LOX. The LOX specificity has implications for hydroperoxides metabolism. Indeed, 9-and 13-hydroperoxides of linoleic and linolenic acids can be converted into volatile aldehydes by hydroperoxide lyase(s), whereas 13-hydroperoxide of linolenic acid can be converted into jasmonic acid cyclic precursors by allene oxide synthase. The dual positional specificity of the 9/13-LOX suggests that it is able to synthesize compounds that play roles in both developmental process and defence response [6] .
During the development of olives, the LOX activity shows an increase at the end of the green stage and the turning stage to reach a maximum at black stage. Donaire et al. [11] and Salas et al. [12] have previously reported a LOX activity at early stages of the olive development. Here, we report that although the LOX activity is detected at early stages of the olive development, this activity is lower than the activity observed in olives of the black stage.
These results are not surprising since LOXs are associated with plant senescence and fruit ripening. Indeed, LOXs have long been associated with membrane deterioration in plant tissues through peroxidation of PUFAs, and such dysfunction has been seen as a key process in senescence, resulting in loss of compartmentation and cell breakdown [38, 39] . Moreover LOX activity has been shown to increase in conjunction with ripening processes such as loss firmness in kiwifruit [40, 41] and peach fruit [42] .
As shown by the Northern analysis, the 9/13-LOX is specifically expressed in olives of the black stage from the 22 WAF to the 32 WAF. Another LOX enzyme was recently purified from black olives and characterized as a 13-LOX [13] indicating that at least two LOX differing in their regio-specificity are expressed in olives of the black stage. Both, 9/13-LOX and 13-LOX showed a preference towards linoleic acid (with a K m =174.94 µM and 82.44 µM respectively) than linolenic acid (with a K m =343.66 µM and 306.26 µM respectively), and the K m values suggested that the fatty acid pocket of 13-LOX had a significantly higher affinity for linoleic acid than 9/13-LOX. However, the catalytic efficiency of 9/13-LOX for linoleate hydroperoxidation was higher than that of 13-LOX. Luaces et al. [14] reported recently two LOX isoforms (a thermo-labile and a thermo-resistant isoforms) from green olives of the early developmental stage which might be involved in the biosynthesis of the olive oil aroma. Our 13-LOX [13] and the thermo-resistant LOX could correspond to only one and even isoform since they displayed an activation energy in the same range (125.50 kJ.mol -1 and 148.82 kJ.mol -1 respectively). Although our 9/13-LOX displays an activation energy of 82.37 kJ.mol -1 , which is close to that of the thermo-labile LOX (83.39 kJ.mol -1 ) reported by Luaces et al. [14] , they correspond to two Lox genes since our 9/13-LOX is not expressed in green olives. The expression of different LOXs during their development could explain the LOX activity detected throughout the development process.
Multiple isoforms of LOX have been found in a wide range of plants [5] . In tomato, for example, at least five Lox genes have been reported: TomloxA expression declines during tomato fruit ripening, and TomloxB expression is present in mature green fruit and enhanced by ethylene [43] ; TomloxC is detectable in the onset of ripening and has been identified as a specific isoform involved in synthesis of fruit flavour compounds [44] ; TomloxD shows low expression levels in fruit, but is rapidly and transiently induced by wounding [45] , and
TomloxE transcripts are present at the breaker and post-breaker stages of fruit ripening [44] .
More recently, six Lox genes were identified and cloned from a kiwifruit EST (expressed sequence tag) database [46] . The results showed that the six genes were differentially regulated during kiwifruit ripening and senescence, forming two groups, one active in ripening and responsive to ethylene and the other more constitutively expressed. To date, the physiological role of the olive 9/13-LOX is still unknown, but its expression pattern suggests that it is associated with the ripening and senescence processes. Moreover, as it is expressed in olives of black stage, its contribution to the biosynthesis of the olive oil aroma cannot be ruled out.
The identification of LOX, expressed in the fruit and more widely in the plant, with tissue-specific regulation during development or in response to abiotic and biotics elicitors of stress, and their characterization as recombinant proteins, should prove to be a useful approach to interpret the role of LOXs in plant biology, and in olive in particular in the elaboration of the olive oil aroma. Values represent the mean of 3 independent replicates ± standard deviation. 
